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Abstract: Tiger nut is a bioenergy crop planted in arid areas of northern China to supply oil and adjust the 
planting structure. However, in the western region of Inner Mongolia Autonomous Region, China, less 
water resources have resulted in a scarcity of available farmland, which has posed a huge obstacle to 
planting tiger nut. Cultivation of tiger nut on marginal land can effectively solve this problem. To fully 
unlock the production potential of tiger nut on marginal land, it is crucial for managers to have 
comprehensive information on the adaptive mechanism and nutrient requirement of tiger nut in different 
growth periods. This study aims to explore these key information from the perspective of nutrient 
coordination strategy of tiger nut in different growth periods and their relationship with rhizosphere soil 
nutrients. Three fertilization treatments including no fertilization (N:P (nitrogen:phosphorous)=0:0), 
traditional fertilization (N:P=15:15), and additional N fertilizer (N:P=60:15)) were implemented on 
marginal land in the Dengkou County. Plant and soil samples were collected in three growth periods, 
including stolon tillering period, tuber expanding period, and tuber mature period. Under no fertilization, 
there was a significant correlation between N and P contents of tiger nut roots and tubers and the same 
nutrients in the rhizosphere soil (P<0.05). Carbon (C), N, and P contents of roots were significantly 
higher than those of leaves (P<0.05), and the C:N ratio of all organs was higher than those under other 
treatments before tuber maturity (P<0.05). Under traditional fertilization, there was a significant impact on 
the P content of tiger nut tubers (P<0.05). Under additional N fertilizer, the accumulation rate of N and P 
was faster in stolons than in tubers (P<0.05) with lower N:P ratio in stolons during the tuber expansion 
period (P<0.05), but higher N:P ratio in tubers (P<0.05). The limited availability of nutrients in the 
rhizosphere soil prompts tiger nut to increase the C:N ratio, improving N utilization efficiency, and 
maintaining N:P ratio in tubers. Elevated N levels in the rhizosphere soil decrease the C:N ratio of tiger 
nut organs and N:P ratio in stolons, promoting rapid stolon growth and shoot production. Supplementary 
P is necessary during tuber expansion, while a higher proportion of N in fertilizers is crucial for the 
aboveground biomass production of tiger nut. 
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1 Introduction 


The absorption, transport, and allocation of plant nutrient elements can reflect the material and 
energy cycle within plants. It is of great significance to understand the nutrient limitation of plants, 
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implement nutrient management, and predict vegetation dynamics (Agren and Weih, 2012; Tian et 
al., 2019). Especially in the arid areas with limited resources, plants have more sensitive 
physiological processes (Luo et al., 2021). Plants adapt to the harsh environment by increasing 
the C content of organs to form a more stable structure (Dong et al., 2023), although at the cost of 
a lower photosynthetic rate, the aboveground part of plants will increase N content to resist 
drought stress (Wang et al., 2019b), and plants also increase N content of leaves to improve their 
resource competitiveness (Su et al., 2022). When plant growth is limited by nutrient and water 
supply under dry conditions, plants may invest relatively more of their assimilated C into their 
root system, thereby increasing their ability to absorb water and nutrients (He and Djikstra, 2014). 
These theories provide important guidance for ecological restoration and agricultural production, 
and plant stoichiometry will still be a research hotspot in the future. 

Under the background of global climatic change and food crisis, breeding crops with high 
adaptability, increasing crop yields, and making full use of marginal lands are of utmost 
importance (Khanna et al., 2021; Maranna et al., 2021). The complex soil environment in arid 
areas poses a great challenge to crop managers, and adjusting management measures to achieve 
production purposes under a limited environment has always been a hot topic (Xue et al., 2019; 
Hafez et al., 2021). Crop stoichiometry is a very critical branch of plant stoichiometry, and it 
reveals which nutrients limit crop growth and whether the adaptation strategy of crops is suitable 
in a limited environment (Sadras, 2006; Yan et al., 2022). Exploring ways to optimize crop 
management practices from the perspective of the relationship between soil factors and crop 
stoichiometry is effective (Saleem et al., 2020). In the presence of low N levels in the soil, the 
C:N ratio of wheat leaves increased to enhance N utilization efficiency, but it could be modified 
by supplementing N fertilizer to improve the growth of wheat (Wang et al., 2019a). In yellow 
mud fields, the negative correlation between soil P content and the N:P or C:P ratio of rice 
revealed that rice growth was limited by P, while N supply was abundant, so supplementing P 
fertilizer emerged as a viable solution to meet P demands of rice (Wang et al., 2017). A N:P ratio 
of <4.0 in maize grains was associated with lower yields, but increasing the application of N 
fertilizer can help mitigate the risk of yield decline (Ma et al., 2016). Overall, a comprehensive 
understanding of stoichiometric changes during crop growth and their relationship with soil 
nutrients provides valuable information for management, which is very meaningful for improving 
management measures. 

Tiger nut (Cyperus esculentus L. var. sativus Boeck) is a highly versatile tuber crop with a 
high-quality oil crop and contains many kinds of active substances, more and more attention has 
been paid to its health and nutritional value recently (Zhang et al., 2022a). Tiger nut has been 
widely planted for food purposes in many countries in Europe and Africa (Bezerra et al., 2023). It 
has been proven not only to resist extreme environment, but also to thrive in marginal or desert 
fringe lands (Tumbleson and Kommedahl, 1961; Stoller, 1973; Wilen et al., 1996; Yang et al., 
2022). In recent years, tiger nut has been vigorously promoted in arid areas of northern China to 
adjust the planting structure (Liu et al., 2022; Tan et al., 2022a). However, the available arable 
land in China has nearly reached its peak, and the promotion of tiger nut has been hindered, so the 
marginal land with production potential has become an important basis for expanding the 
cultivation of tiger nut and alleviating the pressure of insufficient arable land (Kuang et al., 2022; 
Wang et al., 2022). 

Recent research on tiger nut has primarily focused on variations in tuber yield, as well as the 
aboveground and underground biomasses, under single or mixed fertilization method (Li et al., 
2004; Pascual-Seva et al., 2009; Wang et al., 2022; Cao et al., 2023). While significant progress 
has been made in this area, there is still potential to further explore the production capability of 
tiger nut. Obtaining a clearer understanding of the nutrient requirements of tiger nut in different 
growth periods becomes particularly important, especially when cultivating them on marginal 
land that require precise management measures. Moreover, previous studies have primarily 
examined certain physiological traits of tiger nut, predominantly focused on the tuber, while 
neglecting the nutritional coordination strategies among various organs (Zhang et al., 2022b; Li et 
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al., 2023). Therefore, this study aims to reveal the nutritional coordination mechanisms of tiger 
nut on marginal land and explore the nutrient requirements of tiger nut in different growth periods, 
by considering the stoichiometric characteristics of different organs during various growth stages 
and their relationship with nutrient content of the rhizosphere soil. 


2 Materials and methods 


2.1 Study area 


This study was conducted in a marginal land in the Dengkou County, Inner Mongolia 
Autonomous Region, China (40°27'32"N, 106°33'28”"N; Fig. 1). The range of average annual 
precipitation was 33.3-199.0 mm, but the average annual evaporation is more than 2000.0 mm. 
The annual average temperature was 7.8°C, with the maximum of 39.0°C. The frost period was 
195-245 d. The northwest wind was strong in winter, with the maximum of 12.0 m/s. The soil is 
aeolian soil, the particles less than 50 um account for 6.26%, and less than 200 um account for 
47.14%. Natural vegetation in the study area included Agriophyllum squarrosum (L.) Moq., 
Suaeda glauca (Bunge) Bunge, Nitraria tangutorum Bobr., etc. 


Fig. 1 Tiger nut planting (a) in the Dengkou County, Inner Mongolia Autonomous Region, China, sampling (b), 
and mature plant (c) 


2.2 Field experiment 


The experiment was conducted on 25 June, 2022 and a harvest time of 20 October, 2022. Three 
plots, each measuring 30 mx20 m in size, were utilized for planting. The planting density of tiger 
nut was set at 30 cmx20 cm, with two tiger nut seeds placed in each hole. This resulted in 
approximately 30 tiger nut seeds being used per square meter. The seeds were planted at a depth 
of 4-5 cm. 

A drip irrigation method was employed in all three plots. It was carried out twice a week, with 
a minimum interval of 2 d between each session. A total of 2400 m?/hm? of water quota was 
applied via drip irrigation in each plot. 

Three different fertilization management methods were implemented in three plots for this 
study (Fig. 2). All fertilization was conducted simultaneously with tiger nut sowing, without any 
subsequent top dressing, and only inorganic fertilizers (RC(O)NH2 and P205) were used. The first 
treatment involved no fertilization (N:P=0:0). The purpose of this treatment was to investigate the 
nutrient coordination mechanism of tiger nut in marginal land with limited resources. The second 
treatment involved traditional fertilization (N:P=15:15). In this case, N fertilizer was applied with 
an amount of 150 kg/hm”, and P fertilizer with an amount of 150 kg/hm?. The aim was to examine 
the nutrient coordination mechanism of tiger nut under the same management practice as 
traditional crops in marginal land. The third treatment involved additional N fertilizer 
(N:P=60:15). We applied N fertilizer with an amount of 600 kg/hm? and P fertilizer with an 


202310.03369v1 


chinaXiv 


China iv (ERAT! 


TAN Jin et al.: Nutrient coordination mechanism of tiger nut induced by rhizosphere... 1219 


amount of 150 kg/hm’. The design of this approach is built upon the findings of our previous 
study conducted in 2021, which revealed a significant response of tiger nut spatial distribution to 
N (Tan et al., 2022b). Numerous studies have also illustrated the impact of N addition on tuber 
crop yields (Nyawade et al., 2020; Li et al., 2021; Yang et al., 2021). Thus, we hypothesize that a 
substantial increase in N content may influence the nutritional coordination pattern of tiger nut 
reproductive organs, consequently influencing the shoot production from tiger nut stolons. 


(a) 
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Fig.2 Planting preparation, investigated periods, sampling method (a), and three treatments (b). Three 5 mx5 m 
quadrats were randomly set in each treatment, then three 1 mx1 m plots were randomly set in each quadrat. N, 
nitrogen; P, phosphorus. 


2.3 Investigation period 


Three crucial growth periods of tiger nut were chosen to reflect their adaptation process in a 
limited environment (Follak et al., 2016; Tan et al., 2022b). The investigation periods 
encompassed the stolon tillering period (STP), characterized by the production of stolons; the 
tuber expanding period (TEP), marked by the development of immature white tubers; and the 
tuber mature period (TMP), in which the tubers turn red or brown (Fig. 2). 


2.4 Tiger nut and soil sample collection 


Three 5 mx5 m quadrats were randomly set in each treatment, and within each quadrat, three 1 
mxl m plots were randomly set (Fig. 2). In each period, the height and width of tiger nut in the 1 
mx1 m plot were measured first. Then, three standard tiger nut plants with similar height and 
width were collected (Fig. 2). When collecting, we used a shovel to dig out the entire plant, 
ensuring that the excavation range was as large as possible to prevent damage to the root. The 
rhizosphere soil utilized in this study was defined as soil situated within the 2-mm of the root 
surface. The roots were gingerly shaken to dislodge any extraneous soil clumps, with the 
rhizosphere soil subsequently procured via deliberate brushing of the remaining soil (DeAngelis 
et al., 2009; Ren et al., 2020). And tiger nut samples were subsequently placed in plastic bags for 
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further testing. 
2.5 Determination of tiger nut chemical properties and soil properties 


The organs of tiger nuts can be classified into vegetative organs and reproductive organs. 
Vegetative organs include leaf and root, while reproductive organs include stolon and tuber (Tan 
et al., 2022b). We separate four different organs of tiger nut and dry them at 70°C for 72 h. After 
grinding, we determined the C content of these tissues by potassium dichromate outer heating, 
including leaf carbon content (LCC), root carbon content (RCC), stolon carbon content (SCC), 
and tuber carbon content (TCC). The N and P contents of these tissues were determined by an 
automatic chemical analyzer (Smartchem 450, AMS Alliance, Rome, Italy) after catalytically 
boiled, including leaf nitrogen content (LNC), root nitrogen content (RNC), stolon nitrogen 
content (SNC), tuber nitrogen content (TNC), leaf phosphorus content (LPC), root phosphorus 
content (RPC), stolon phosphorus content (SPC), and tuber phosphorus content (TPC). 

After passing each soil sample through a 0.25-mm sieve, we extracted the soil samples by KCl 
or NaHCO; to determine available nitrogen in rhizosphere soil (ANR) or available phosphorus in 
rhizosphere soil (APR), total nitrogen in rhizosphere soil (TNR), and total phosphorus in 
rhizosphere soil (TPR) by Smartchem 450 analyzer. The organic matter in rhizosphere soil (OMR) 
was determined by potassium dichromate dilution calorimetry. 


2.6 Data analysis 


T-test was used to analyze the differences in the element content of tiger nut or soil nutrient under 
different treatments and periods. The allometric growth equation was used to analyze the 
allocation of nutrient elements during growth process of tiger nuts (Zhang et al., 2020). Pearson 
correlation analysis was used to analyze the correlation between soil nutrients and nutrient 
elements of tiger nuts. Redundancy analysis (RDA) was used to identify the main types of soil 
nutrients causing differences in nutrient elements of tiger nuts under different treatments. These 
analyses were completed by R software v.4.2.2. 


3 Results 


3.1 Growth performance of tiger nut 


After tuber production, average plant height and crown width of tiger nut were significantly 
higher under additional N fertilizer than under the other two treatments. However, there were no 
significant differences between the other two treatments (Table 1). 

In STP, there were no significant differences in the dry biomass of each organ of tiger nut 
among the three treatments. Meanwhile, in TEP, there was a significant difference in the average 
tuber dry biomass of tiger nut among the three treatments. Notably, the highest tuber dry biomass 
was observed under no fertilization, while the lowest was recorded under additional N fertilizer. 
In TMP, the average stolon dry biomass of tiger nut was significantly higher under additional N 
fertilizer than under the other two treatments. However, the average tuber dry biomass of tiger nut 
remained significantly lower under additional N fertilizer than under the other two treatments. But 
under traditional fertilization, the average tuber dry biomass of tiger nut exceeded that under no 
fertilization in TMP. Lastly, the number of tiger nut per square meter was the highest under 
additional N fertilizer, and the lowest under no fertilization. These differences among the three 
treatments were significant (Table 1). 


3.2 Allocation of nutrient elements in tiger nut 


As tiger nut grew, LCC and RCC decreased under all fertilization treatments. In TMP, SCC 
increased significantly under additional N fertilizer and was higher than those of other two 
treatments. TCC reached its highest point in TEP under no fertilization, however, there was no 
significant difference in the TCC between no fertilization and traditional fertilization in TMP, and 
both were significantly higher than that under additional N fertilizer (Fig. 3). 
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Table 1 Growth performance of tiger nut under different growth periods and treatments 


Parameter Growth period Additional N fertilizer Traditional fertilization No fertilization 

STP 30.81+6.75° 31.6747.33* 32.19+10.52° 
a plant height TEP 43.04+6.97° 37.41+4.36° 33.7449.11° 

TMP 34.93£7.418 29.00+5.76° 27.7845,.32° 

STP 26.48+8.75° 28.63+9.09° 29,33+10.39° 
Average crown width TEP 37.74+6.91° 33.70+10.74° 30.93+10.73° 
per plant (cm) 

TMP 36.74+8.35° 32.04+8.68° 28.33+6.27° 

STP 1.76+0.93° 1.84+1.04" 1.711.218 
Averagedry biomass TEP 3.05+0.83° 2.76+0.83° 2.67+1.19° 
of leaf per plant (g) 

TMP 1.66+0.60° 1.34+0.53° 1.15+0.53° 

STP 0.63+0.39° 0.57+0.32" 0.63+0.33" 
Average ary biomass TEP 1.06+0.74° 1.1940.778 1.12+0.63" 
of root per plant (g) 

TMP 0.81+0.28 0.7440.30° 0.61+0.24° 

STP 0.049+0.039" 0.040+0.020° 0.049+0.044° 
Average diy biomass TEP 0.089+0.040° 0.103+0.049° 0.096+0.041° 
of stolon per plant (g) 

TMP 0.060+0.036° 0.043+0.016° 0.044+0.029° 

+ c EY b y a 

Average diy biomass TEP 0.74+0.28 0.98+0.56 1.51+0.99 
of tuber per plant (g) TMP 1.31+40.39° 2.69+1.38° 2.1241.15° 
Nümber af tiger nits TMP 144.56+21.29° 120.11+23.85° 10.33+2.35° 


per square meter 


Note: Different lowercase letters within the same parameter indicate significant difference among different growth periods. STP, stolon 
tillering period, TEP, tuber expanding period; TMP, tuber mature period (TMP). Mean+SE. 


LNC, RNC, and SNC also decreased with the growth of tiger nut. Traditional fertilization 
significantly increased LNC and SNC, while the addition of N provided an additional increase in 
LNC and SNC. TNC increased significantly with the growth of tiger nut under fertilization 
treatment, but the tubers under traditional fertilization accumulated more N compared with 
additional N fertilizer (Fig. 3). 

Fertilization treatment significantly increased P content in leaf and root compared with no 
fertilization. SPC increased with the growth of tiger nut under additional N fertilizer but 
decreased under the other treatments, and SPC under additional N fertilizer was significantly 
higher than that under the other treatments. TPC significantly increased with the growth of tiger 
nut, and the tubers under traditional fertilization accumulated the highest amount of P (Fig. 3). 


3.3 Allometric relationship of nutrient elements among different organs of tiger nut 


Under no fertilization, the increase rate of nutrients in tubers was almost faster than that in stolons 
in TEP. However, in TMP, this phenomenon only occurs with P content (Fig. 4). Under traditional 
fertilization, the rate of nutrient increase in both tuber and stolon was almost the same (Fig. 4). 
Under additional N fertilizer, the increase rate of SNC was faster than that of TNC in TEP, but 
their increase rate remained consistent in TMP. Similarly, P also showed a faster increase rate in 
stolon compared with tuber under additional N fertilizer (Fig. 4). 

Under no fertilization, the rate of increase in nutrients in tuber was almost faster than that in 
stolon in TEP. However, in TMP, this phenomenon only occurred with P content (Fig. 5). Under 
traditional fertilization, the rate of nutrient increase in both tuber and stolon was almost the same 
(Fig. 5). Under additional N fertilizer, the rate of increase in SNC was faster than that of TNC in 
TEP, but their increase rate remained consistent in TMP. P content showed a faster rate of increase 
in stolon compared with tuber under additional N fertilizer. 
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Fig. 3 Carbon (al-a3), nitrogen (b1—b3), and phosphorus (cl—c3) contents in tiger nut organs under different 
growth periods and treatments. Different uppercase letters within the same treatment indicate significant 
differences among different periods at P<0.05 level, while different lowercase letters within the same period 
indicate significant differences among different treatments at P<0.05 level. Boxes indicate the IQR (interquartile 
range, 75" to 25" of the data). The median value is shown as a line within the box. Cross symbol is shown as 
mean. Lines extend to the most extreme value within 1.5xIQR. Signs are the same in Figures 6 and 7. LCC, leaf 
carbon content; RCC, root carbon content; SCC, stolon carbon content; TCC, tuber carbon content; LNC, leaf 
nitrogen content; RNC, root nitrogen content; SNC, stolon nitrogen content; TNC, tuber nitrogen content; LPC, 
leaf phosphorus content; RPC, root phosphorus content; SPC, stolon phosphorus content; TPC, tuber phosphorus 
content; STP, stolon tillering period; TEP, tuber expanding period; TMP, tuber mature period. 


o No fertilization B Traditional fertilization Œ Additional nitrogen fertilizer 
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Fig. 4 Allometric relationship of nutrient element contents between leaf and root. (a), relationship between LCC 
(leaf carbon content) and RCC (root carbon content); (b), relationship between LNC (leaf nitrogen content) and 
RNC (root nitrogen content); (c), relationship between LPC (leaf phosphorus content) and RPC (root phosphorus 
content). 
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Fig. 5 Allometric relationship of nutrient elements content between stolon and tuber. (a), relationship between 
SCC (stolon carbon content) and TCC (tuber carbon content); (b), relationship between SNC (stolon nitrogen 
content) and TNC (tuber nitrogen content); (c), relationship between SPC (stolon phosphorus content) and TPC 
(tuber phosphorus content). TEP, tuber expanding period; TMP, tuber mature period. 


3.4 Stoichiometric ratios of tiger nut 


During the growth of tiger nut, C:N ratio of leaves and stolons increased while that of tubers 
decreased. C:N ratio of roots only increased under fertilization treatments (Fig. 6). N:P ratio in 
stolons decreased with the growth of tiger nut, while that in tubers did not change significantly 
under traditional fertilization and no fertilization, but increased significantly under additional N 
fertilizer (Fig. 6). 


STP TEP TMP 
- (a) ce Aa 150p (b) aa | BOr Ja, 
Pa 130 TF aal Ty Ba 
z 40 Bb | | x 110 60 Ab c 
E 35 Ba 90 Ab 50 ka 
s: Ab Bb 
Z 30 F cp gg 2 I Ba 70 a 3 40. | li Abl B 
~| mn | C| Hy 
a = TaT 50F sapa me wa AE | 30 H T | Aci 
>i a 
15 = 30) iia | HHT aE 20 = 
10 ocine ROGENG  SCOSNC 10 ECCINC ROCRNG SCC:SNC TCC-TNC O TCGING ROGRNG SCCSNC TOGING 
40 p (d) 40r(e) 50r (Ð 
354 354 4a 45- Aa 
Aa H Į 
Aab 30} Aa 407 Aa, 
2 307 Aa a Ab A& í Aa Bb Ab Aa 355 a 
S I: Ab a | Aa 25+ Aa 30L me 
a 25 i 20L 3 5s ia 25L Ab Ba 
z aa L 2 Bb 
Z, 20 Be Ac [| ZA 15+ A d Ab 20F ri Be E] | cp, 
5b T 10L Ba 15F E Aa 
Al 10k Ab 
10 F sL =e i Ab 
0 T oF saca 
S ING:LPC RNGRPC  SNG:SPC INGILPC RNG:RPC SNG:SPC INGTPC Ô LNGLPC RNG:RPC SNC:SPC TNC:TPC 


E Additional nitrogen fertilizer E] Traditional fertilization O No fertilization 


Fig. 6 C:N ratio (a-c) and N:P ratio (d—f) in tiger nut organs under different growth periods and treatments. 
Different lowercase letters within the same treatment indicate significant differences among different periods at 
P<0.05 level, while different lowercase letters within the same period indicate significant differences among 
different treatments at P<0.05 level. LCC, leaf carbon content; LNC, leaf nitrogen content ;RCC, root carbon 
content; RNC, root nitrogen content; SCC, stolon carbon content; SNC, stolon nitrogen content; TCC, tuber 
carbon content; TNC, tuber nitrogen content; LPC, leaf phosphorus content; RPC, root phosphorus content; SPC, 
stolon phosphorus content; TPC, tuber phosphorus content. STP, stolon tillering period; TEP, tuber expanding 
period; TMP, tuber mature period. 
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Under no fertilization, C:N ratio of all organs in tiger nut was significantly higher than that 
under the other two treatments. Prior to tuber production, there was no significant difference in 
C:N ratio across various organs between traditional fertilization and additional N fertilizer. 
However, as the tubers began to expand, C:N ratio of different organs in tiger nut was higher 
under traditional fertilization compared with additional N fertilizer. After the tubers reached 
maturity, there was no significant difference in C:N ratio of tuber between traditional fertilization 
and additional N fertilizer. However, C:N ratio of the stolon remained higher under traditional 
fertilization than under additional N fertilizer. N:P ratio of roots under the three treatments was 
significantly different, with the highest under additional N fertilizer and the lowest under no 
fertilization. Furthermore, N:P ratio of tubers under additional N fertilizer was significantly 
higher than that under the other two treatments (Fig. 6). 


3.5 Variations in rhizosphere soil nutrients 


Variations of rhizosphere soil nutrients are shown in Figure 7. We observed insignificant variation 
in OMR during the growth of tiger nut under no fertilization treatment, while the other two 
treatments displayed a significant increase. As tiger nut grew, the difference in TNR among the 
three treatments gradually dwindled until it was no longer significant, and TPR showed the same 
variation. Available nutrients exhibited a significant decrease with tiger nut growth in all 
treatments, and the difference in available nutrient content of rhizosphere soil between each 
fertilization treatment and no fertilization treatment was extremely significant (P<0.001, Fig. 7). 
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Fig. 7 Variations in rhizosphere soil nutrients under different treatments. (a), OMR (organic matter in 
rhizosphere soil); (b), TNR (total nitrogen in rhizosphere soil); (c), TPR (total phosphorus in rhizosphere soil); (d), 
ANR (available nitrogen in rhizosphere soil); (e), APR (available phosphorus in rhizosphere soil). Different 
lowercase letters within the same treatment indicate significant differences among different periods at P<0.05 
level, while different lowercase letters within the same period indicate significant differences among different 
treatments at P<0.05 level. STP, stolon tillering period; TEP, tuber expanding period; TMP, tuber mature period. 


3.6 Relationship between rhizosphere soil nutrients and stoichiometric characteristics 
RDA results indicate that the explained variance of all rhizosphere soil nutrient types (including 
OMR, TNR, TPR, ANR, and APR) had the strongest correlation with the differences in 


stoichiometry in tiger nut across different treatments (Fig. 8). 
The correlation analysis results indicate that, under additional N fertilizer, the N content in the 
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rhizosphere soil had a significant influence on LNC in STP. However, after tuber production, it 
had a significant influence on SNC. On the other hand, P content in the rhizosphere soil had a 
continuous influence on SPC throughout the growth cycle of tiger nut (Fig. 9). Under traditional 
fertilization, the availability of nutrients in the rhizosphere soil significantly influenced the 
corresponding element content of stolon before tuber production, but this influence shifted to the 
corresponding element content of tuber after tuber production (Fig. 9). Under no fertilization, 
both N and P contents in the rhizosphere soil had a significant influence on the corresponding 
element content of tuber after tuber production (Fig. 9). Moreover, OMR showed correlations 
with RCC and SCC under fertilization treatments in TMP (Fig. 9). 
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Fig. 8 Redundancy analysis (RDA) of stoichiometric characteristics of tiger nut and rhizosphere soil nutrients 
under different growth periods and treatments. (a), stolon tillering period; (b), tuber expanding period; (c), tuber 
mature period. ** indicates the rhizosphere soil nutrients were significantly correlated to stoichiometric 
characteristics of tiger nut under different treatments at P<0.01 level. ANR, available nitrogen in rhizosphere soil; 
APR, available phosphorus in rhizosphere soil; TNR, total nitrogen in rhizosphere soil; TPR, total phosphorus in 
rhizosphere soil; OMR, organic matter in rhizosphere soil. 


4 Discussion 


4.1 Nutrient coordination mechanism of tiger nut under different treatments 


Studies have shown that plants enhance their N utilization efficiency by increasing C:N ratio 
(Castellanos et al., 2018; Zhang et al., 2020). Moreover, the growth rate hypothesis suggests that 
organisms with higher growth rates require substantial ribosome and protein synthesis to sustain 
their growth, resulting in higher P content and lower N:P ratio in their cells. In contrast, 
slower-growing organisms tend to exhibit lower P content and higher N:P ratio (Elser et al., 1996; 
Tian et al., 2021). Based on these two theories, we attempt to explain the nutrient coordination 
mechanism of tiger nut caused by nutrient variations in rhizosphere soil. 

Under no fertilization, N and P contents of tiger nut roots were influenced by their contents of 
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Fig. 9 Correlations between rhizosphere soil nutrients and stoichiometric characteristics of tiger nut. (al—a3), 
additional N fertilizer; (b1—b3), traditional fertilization; (cl—c3), no fertilization. Only relationships with 
significant correlation (P<0.05) were shown in the figure. OMR, organic matter in rhizosphere soil; TNR, total 
nitrogen in rhizosphere soil; TPR, total phosphorus in rhizosphere soil; ANR, available nitrogen in rhizosphere 
soil; APR, available phosphorus in rhizosphere soil; LCC, leaf carbon content; RCC, root carbon content; SCC, 
stolon carbon content; TCC, tuber carbon content; LNC, leaf nitrogen content; RNC, root nitrogen content; SNC, 
stolon nitrogen content; TNC, tuber nitrogen content; LPC, leaf phosphorus content; RPC, root phosphorus 
content; SPC, stolon phosphorus content; TPC, tuber phosphorus content; STP, stolon tillering period; TEP, tuber 
expanding period; TMP, tuber mature period. 


the rhizosphere soil (Figs. 7 and 9). This resulted in tiger nuts allocating more carbon to the roots, 
leading to a high C:N ratio in the roots, which improved nutrient utilization efficiency in a limited 
environment (Figs. 4 and 6) (Zhang et al., 2020). However, N:P ratio of the roots was 
significantly higher than the other treatments, suggesting that root development was limited and 
resulting in a relatively insufficient supply of N and P to the leaf and stolon (Fig. 3). Nevertheless, 
tiger nut took timely remedial measures. When tubers were produced, the roots maintained a high 
C:N ratio to ensure efficient nutrient utilization (Fig. 6), and the root may also activate inorganic 
nutrients in the rhizosphere soil to facilitate nutrient acquisition (Fig. 9) (Badri and Vivanco, 
2009). While the stolons and tubers maintained a high C:N ratio to maximize the utilization of the 
scarce nutrition obtained from the roots (Fig. 6). As the tubers mature, the available N content in 
the rhizosphere soil decreased due to consumption (Fig. 7), so the tubers continued to have high 
C:N ratio and low N:P ratio to optimize tuber quality (Figs. 6 and 9). Tiger nuts may utilize 
limited N to promptly form relatively stable cell walls in the tubers (Fig. 3) (Tian et al., 2022), 
promoting tuber structure stability and facilitating subsequent storage of P and other nutrients 
(Figs. 3 and 5). Therefore, it was evident that due to inadequate nutritional supply, tiger nut 
allocated energy to the tubers, ensuring the reproduction of their offspring in a limited 
environment. In such conditions, tuber development was constrained by rhizosphere soil nutrients, 
making it challenging to achieve optimal results, however, tiger nut made efforts to optimize tuber 
development as much as possible. The strong adaptability of tiger nut makes them an ideal 
pioneer crop for the reclamation of new marginal lands. If the goal is focused on improving the 
soil environment rather than maximizing yield, it may be crucial to provide few fertilizer 
application during the challenging early emergence (Table 1). This minimal intervention can 
assist tiger nut in overcoming initial obstacles and establish a strong foundation for subsequent 
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growth. 

Under traditional fertilization, the allocation of nutrients in tiger nut did not favor either the 
leaves or the roots, indicating that the pressure on tiger nut to obtain nutrients has been alleviated 
after fertilization (Fig. 4). However, as the available N in the rhizosphere soil decreased (Fig. 7), 
the C:N ratio of leaf, root, and stolon gradually increased to fully utilize the decreasing amount of 
N in the soil (Figs. 6 and 7). Compared with no fertilization, the rapid accumulation of P in 
stolons appears to promote the production of more new shoots under traditional fertilization, 
although not as much as with additional N fertilizer (Fig. 4; Table 1), and the availability of P in 
the rhizosphere soil seemed to play a key role for this performance (Figs. 8 and 9). From the onset 
of tuber production, tubers became a primary target for P allocation and facilitated the stable 
transfer of nutrients to the tubers (Figs. 3 and 5). Throughout the tuber maturation process, the 
positive effects of rhizosphere soil nutrients on tuber nutrient levels persisted (Figs. 7 and 9), 
allowing the tubers to maintain a constant N:P ratio at a lower C:N ratio, ensuring their stable 
development (Fig. 6). Under traditional fertilization, tiger nut fully utilized the rhizosphere soil 
nutrients, ensuring stable development of vegetative organs while facilitating stable nutrient 
supply to the tubers during periods of soil nutrient depletion. This stable nutrient allocation 
strategy, which effectively utilizes and allocates resources, proves beneficial for crop growth 
(Viciedo et al., 2021). 

Under additional N fertilizer, N content in the rhizosphere soil increased (Fig. 7), resulting in 
higher N levels in the leaves of tiger nut during early growth (Figs. 3 and 9). This appeared to 
enhance the photosynthetic capacity of the leaves and promote C accumulation (Fig. 3) (Park et 
al., 2019). During this period, there was no significant difference in N:P ratio of tiger nut stolons 
among the three treatments (Fig. 6). However, as tiger nut continued to grow under additional N 
fertilizer, more P accumulated in the stolons rather than in the tubers (Figs. 3 and 5), leading to a 
significant decrease in N:P ratio of the stolons (Fig. 6). This may have contributed to a faster 
growth rate of stolons. On the other hand, when tubers were produced, N accumulated in the 
stolons was transported to the tubers, while P seemed to have been utilized within the stolons (Fig. 
5), resulting in an increased N:P ratio in the tubers (Fig. 6), potentially delaying tuber 
development (Dingenen et al., 2019; Li et al., 2021). Therefore, we speculated that in this 
particular soil environment, tiger nut did not primarily rely on slow nutrient transportation to the 
tubers as the main reproductive approach. Instead, they were compelled to adopt a reproductive 
strategy of producing new shoots through stolons at a faster growth rate. Additionally, the 
abundant underground tissues of tiger nut, including roots and stolons (Table 1), could contribute 
organic matter to the rhizosphere soil (Figs. 3, 6, 8, and 9) through degradation at the end of the 
growth cycle (Prescott et al., 2021), which was beneficial for nutrient-deficient marginal lands. 

In summary, we present a concise description of the nutrient coordination mechanism of tiger 
nut (Fig. 10). The poorer the nutrients in the rhizosphere soil, the higher the C:N ratio of tiger nut, 
to optimize nutrient utilization in a limited environment, maintain a stable N:P ratio in the tubers, 
and ensure the development of progeny. The higher the nitrogen content in the rhizosphere soil, 
the lower the C:N ratio of tiger nut. N accumulated in the stolons requires greater P transport 
before tuber production, leading to a reduced N:P ratio in tubers with insufficient P, leading to the 
delayed development. But tiger nut is driven to produce more new shoots through the stolons. 

Based on two different nutrient coordination modes observed in tiger nut under two fertilization 
treatments, we propose some recommendation for production of tiger nut. If the primary purpose 
is to maximize tuber production, we suggest using a fertilizer with N and P ratios as closely 
aligned as possible. An alternative approach would involve applying a fertilizer with a high N 
ratio in STP and supplementing with P fertilizer in TEP. This approach aims to address any 
potential depletion of P in the tubers (Fig. 3). By adopting these measures, tiger nut has the 
potential to promote the growth of more new shoots and enhance stable tuber production from 
new shoots, resulting in optimal tuber yield. If the primary purpose is to maximize aboveground 
biomass production, it is recommended to apply fertilizer with a high N ratio. This is particularly 
beneficial considering that the leaves of tiger nut can be utilized as high-quality forage (Edo et al., 
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2023). Additionally, the abundant aboveground tissue provides effective sand fixation effects in 
arid areas (Gao et al., 2005). 
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Fig. 10 Brief schematic diagram of nutrient coordination mechanism of tiger nut induced by rhizosphere soil 
nutrient variation 


5 Conclusions 


The scarcity of rhizosphere soil results in the nutrient of tiger nut being allocated for the purpose 
of enhancing nutrient absorption ability, and increasing their C:N ratio to enhance nutrient 
utilization efficiency, leading to tubers having a stable N:P ratio for their development. While the 
N levels in the rhizosphere soil rise significantly, C:N ratio of tiger nuts decreases. In this case, the 
stolons develop fully before tuber production, and low N:P ratio promotes rapid stolon growth, 
resulting in more new shoots being produced, while high N:P ratio delays the development of 
tubers. To achieve the maximum tuber yield, it is recommended to use a fertilizer with closely 
aligned N and P ratios, or apply a fertilizer with a high N ratio in stolon tillering period and then 
supplement with P fertilizer in tuber expansion period to meet the P requirements of the tuber. To 
maximize aboveground biomass, it is advised to use a fertilizer with a high N ratio. 


Conflict of interest 


The authors declare that they have no known competing financial interests or personal relationships that could 
have appeared to influence the work reported in this paper. 


Acknowledgements 

This work was supported by the National Key Research and Development Program of China (2019YFC0507600, 
2019YFC0507601). 

Author contributions 


Conceptualization: TAN Jin, WU Xiuqin; Data curation: TAN Jin, WU Xiuqin; Formal analysis: TAN Jin; Writing 
- original draft preparation: TAN Jin; Writing - review and editing: TAN Jin, WU Xiuqin; Funding acquisition: 


TAN Jin et al.: Nutrient coordination mechanism of tiger nut induced by rhizosphere... 1229 


WU Xiuqin; Investigation: TAN Jin, LI Yaning, SHI Jieyu, LI Xu; Methodology: TAN Jin; Project administration: 
WU Xiuqin; Supervision: WU Xiuqin; Validation: WU Xiuqin, LI Yaning; Visualization: TAN Jin, SHI Jieyu, LI Xu. 


References 


Agren G I, Weih M. 2012. Plant stoichiometry at different scales: Element concentration patterns reflect environment more than 
genotype. New Phytologist, 194(4): 944-952. 

Badri D V, Vivanco J M. 2009. Regulation and function of root exudates. Plant, Cell and Environment, 32(6): 666—681. 

Bezerra J J L, Feitosa B F, Souto P C, et al. 2023. Cyperus esculentus L. (Cyperaceae): Agronomic aspects, food applications, 
ethnomedicinal uses, biological activities, phytochemistry and toxicity. Biocatalysis and Agricultural Biotechnology, 47: 
102606, doi: 10.1016/j.bcab.2023.102606. 

Cao Z, Ren Y, Lu Z, et al. 2023. Effects of combined application of nitrogen, phosphorus and potassium on yield and fertilizer 
use efficiency of Cyperus esculentus L. Chinese Journal of Oil Crop Science, 45(2): 368-377. (in Chinese) 

Castellanos A E, Llano-Sotelo J M, Machado-Encinas L I, et al. 2018. Foliar C, N, and P stoichiometry characterize successful 
plant ecological strategies in the Sonoran Desert. Plant Ecology, 219: 775-788. 

DeAngelis K M, Brodie E L, DeSantis T Z, et al. 2009. Selective progressive response of soil microbial community to wild oat 
roots. The ISME Journal, 3: 168-178. 

Dingenen J V, Hanzalova K, Salem M A A, et al. 2019. Limited nitrogen availability has cultivar-dependent effects on potato 
tuber yield and tuber quality traits. Food Chemistry, 288: 170-177. 

Dong X, Zhang J, Xin Z, et al. 2023. Ecological stoichiometric characteristics in organs of Ammopiptanthus mongolicus in 
different habitats. Plants, 12: 414, doi: 10.3390/plants12020414. 

Edo G I, Ugbune U, Ezekiel G O, et al. 2023. Cyperus esculentus (tiger nut): Its application in agriculture, food, health and 
nutrition. A review. Vegetos, doi: 10.1007/s42535-023-00672-8. (in Press) 

Elser J J, Dobberfuhl D R, MacKay N A, et al. 1996. Organism size, life history, and N:P stoichiometry: Toward a unified view 
of cellular and ecosystem processes. BioScience, 46(9): 674—684. 

Follak S, Belz R, Bohren C, et al. 2016. Biological flora of central Europe: Cyperus esculentus L. Perspectives in Plant Ecology, 
Evolution and Systematics, 23: 33-51. 

Gao W, Qin H, Zhao P. 2005. The effects of different planting modes on wind erosion from cropland in arid region of north of 
Yin Mountain of Inner Mongolia. Research of Soil and Water Conservation, 12(5): 122—125. (in Chinese) 

Hafez M, Mohamed A E, Rashad M, et al. 2021. The efficiency of application of bacterial and humic preparations to enhance of 
wheat (Triticum aestivum L.) plant productivity in the arid regions of Egypt. Biotechnology Reports, 29: e00584, doi: 
10.1016/j.btre.2020.e00584. 

He M, Dijkstra F A. 2014. Drought effect on plant nitrogen and phosphorus: A meta-analysis. New Phytologist, 204(4): 
924-931. 

Khanna M, Chen L, Basso B, et al. 2021. Redefining marginal land for bioenergy crop production. Global Change Biology 
Bioenergy, 13(10): 1590-1609. 

Kuang W, Liu J, Tian H, et al. 2022. Cropland redistribution to marginal lands undermines environmental sustainability. 
National Science Review, 9(1): nwab091, doi: 10.1093/nsr/nwab091. 

Li B, Shibuya T, Yogo Y, et al. 2004. Effects of ramet clipping and nutrient availability on growth and biomass allocation of 
yellow nutsedge. Ecological Research, 19(6): 603-612. 

Li B, Zhang F, Zhao Y. 2023. Effects of stubble height on nitrogen metabolism, yield and quality of Cyperus esculentus. Acta 
Prataculturae Sinica, 32(2): 84—96. (in Chinese) 

Li S, Zhao L, Zhang S, et al. 2021. Effects of nitrogen level and soil moisture on sweet potato root distribution and soil 
chemical properties. Journal of Soil Science and Plant Nutrition, 21: 536-546. 

Liu Y, Ren W, Zhao Y, et al. 2022. Effect of variation in row spacing on soil wind erosion, soil properties, and Cyperus 
esculentus yield in sandy land. Sustainability, 14(21): 14200, doi: 10.3390/su142114200. 

Luo Y, Peng Q, LiK, et al. 2021. Patterns of nitrogen and phosphorus stoichiometry among leaf, stem and root of desert plants 
and responses to climate and soil factors in Xinjiang, China. CATENA, 199: 105100, doi: 10.1016/j.catena.2020.105100. 

Ma B L, Zheng Z M, Morrison M J, et al. 2016. Nitrogen and phosphorus nutrition and stoichiometry in the response of maize 
to various N rates under different rotation systems. Nutrient Cycling in Agroecosystems, 104: 93—105. 

Maranna S, Nataraj V, Kumawat G, et al. 2021. Breeding for higher yield, early maturity, wider adaptability and waterlogging 
tolerance in soybean (Glycine max L.): A case study. Scientific Reports, 11: 22853, doi: 10.1038/s41598-021-02064-x. 

Nyawade S O, Karanja N N, Gachene C K K, et al. 2020. Optimizing soil nitrogen balance in a potato cropping system through 
legume intercropping. Nutrient Cycling in Agroecosystems, 117: 43-59. 


1230 JOURNAL OF ARID LAND 2023 Vol. 15 No. 10 


Park M, Cho S, Park J, et al. 2019. Size-dependent variation in leaf functional traits and nitrogen allocation trade-offs in 
Robinia pseudoacacia and Cornus controversa. Tree Physiology, 39(5): 755-766. 

Pascual-Seva N, Pascual B, San Bautista A, et al. 2009. Growth and nutrient absorption in chufa (Cyperus esculentus L. var. 
sativus Boeck.) in soilless culture. Journal of Horticultural Science and Biotechnology, 84(4): 393-398. 

Prescott C E, Rui Y, Cotrufo M F, et al. 2021. Managing plant surplus carbon to generate soil organic matter in regenerative 
agriculture. Journal of Soil and Water Conservation, 76(6): 99-104. 

Ren N, Wang Y, Ye Y, et al. 2020. Effects of continuous nitrogen fertilizer application on the diversity and composition of 
rhizosphere soil bacteria. Frontiers in Microbiology, 11: 1948, doi: 10.3389/fmicb.2020.01948. 

Sadras V O. 2006. The N:P stoichiometry of cereal, grain legume and oilseed crops. Field Crops Research, 95(1): 13-29. 

Saleem M, Pervaiz Z H, Contreras J, et al. 2020. Cover crop diversity improves multiple soil properties via altering root 
architectural traits. Rhizosphere, 16: 100248, doi: 10.1016/j.rhisph.2020.100248. 

Stoller E W. 1973. Effect of minimum soil temperature on differential distribution of Cyperus rotundus and C. esculentus in the 
United States. Weed Research, 13(2): 209-217. 

Su Z, Su B, Mao S, et al. 2022. Leaf C:N:P stoichiometric homeostasis of a Robinia pseudoacacia plantation on the Loess 
Plateau. Journal of Forestry Research, 34: 929-937. 

Tan J, Wu X, Zeng F, et al. 2022a. Effects of crop residue on wind erosion due to dust storms in Hotan Prefecture, Xinjiang, 
China. Soil & Tillage Research, 221(2): 105387, doi: 10.1016/j.still.2022.105387. 

Tan J, Wu X, Feng M, et al. 2022b. Effects of row spacing on tiger nut (Cyperus esculentus L.) growth performance and soil 
nutrient spatial distribution. Journal of Soil Science and Plant Nutrition, 22: 4834-4846. 

Tian D, Reich P B, Chen H Y, et al. 2019. Global changes alter plant multi-element stoichiometric coupling. New Phytologist, 
221: 807-817. 

Tian D, Yan Z, Fang J. 2021. Review on characteristics and main hypotheses of plant ecological stoichiometry. Chinese Journal 
of Plant Ecology, 45(7): 682-713. 

Tian H, Song H, Wu X, et al. 2022. Responses of cell wall components to low nitrogen in rapeseed roots. Agronomy. 12(5): 
1044, doi: 10.3390/agronomy 12051044. 

Tumbleson M E, Kommedahl T. 1961. Reproductive potential of Cyperus esculentus by tubers. Weeds, 9(4): 646-653. 

Viciedo D O, de Mello Prado R, Martinez C A, et al. 2021. Changes in soil water availability and air-temperature impact 
biomass allocation and C:N:P stoichiometry in different organs of Stylosanthes capitata Vogel. Journal of Environmental 
Management, 278: 111540, doi: 10.1016/j.jenvman.2020.111540. 

Wang C, Ma R, Wang B, et al. 2022. Effects of planting and management modes on leaf characteristics and aboveground and 
belowground biomass of tiger nut (Cyperus esculentus L.). Soil and Fertilizer Sciences in China, 10: 104—110. (in Chinese) 
Wang F, Lin C, Li Q, et al. 2017. Stoichiometry of carbon, nitrogen and phosphorus in soil and plant under long-term different 

fertilizations in a yellow paddy field. Chinese Journal of Soil Science, 48(1): 169-176. (in Chinese) 

Wang F, Xue K, Fu W. 2019a. Effects of soil nitrogen and phosphorus contents on ecological stoichiometry of wheat leaf. 
Chinese Journal of Eco-Agriculture, 27(1): 60-71. (in Chinese) 

Wang X G, Lü X T, Dijkstra F A, et al. 2019b. Changes of plant N:P stoichiometry across a 3000-km aridity transect in 
grasslands of northern China. Plant and Soil, 443: 107-119. 

Wilen C A, Holt J S, McCloskey W B. 1996. Effects of soil moisture on observed and predicted yellow nutsedge (Cyperus 
esculentus L.) emergence. Weed Science, 44(4): 890-896. 

Xue G, Liu H, Peng Y, et al. 2019. Plastic film mulching combined with nutrient management to improve water use efficiency, 
production of rain-fed maize and economic returns in semi-arid regions. Field Crops Research, 231: 30-39. 

Yan S, Wu Y, Fan J, et al. 2022. Quantifying nutrient stoichiometry and radiation use efficiency of two maize cultivars under 
various water and fertilizer management practices in northwest China. Agricultural Water Management, 271: 107772, doi: 
10.1016/j.agwat.2022.107772. 

Yang X, Geng J, Huo X, et al. 2021. Effects of different nitrogen fertilizer types and rates on cotton leaf senescence, yield and 
soil inorganic nitrogen. Archives of Agronomy and Soil Science, 67(11): 1507-1520. 

Yang X, Niu L, Zhang Y, et al. 2022. Morpho-agronomic and biochemical characterization of accessions of tiger nut (Cyperus 
esculentus) grown in the north temperate zone of China. Plants, 11(7): 923, doi: 10.3390/plants 11070923. 

Zhang J, He N, Liu C, et al. 2020. Variation and evolution of C:N ratio among different organs enable plants to adapt to 
N-limited environments. Global Change Biology, 26(4): 2534-2543. 

Zhang S, Li P, Wei Z, et al. 2022a. Cyperus (Cyperus esculentus L.): A review of its compositions, medical efficacy, 
antibacterial activity and allelopathic potentials. Plants, 11(9): 1127, doi: 10.3390/plants11091127. 

Zhang Y, Du Y, Chai X, et al. 2022b. Effects of different planting patterns and mowing time on nutrient contents and nutritional 
quality in the tuber of Cyperus esculentus L. Acta Agrestia Sinica, 30(11): 3148-3155. (in Chinese) 


